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Abstract. Some three decades have passed since the
discovery of nucleosomes in 1974 and the first
isolation of a histone chaperone in 1978. While various
types of histone chaperones have been isolated and
functionally analyzed, the elementary processes of
nucleosome assembly and disassembly have been less
well characterized. Recently, the tertiary structure of a
hetero-trimeric complex composed of the histone
chaperone CIA/ASF1 and the histone H3-H4 dimer
was determined, and this complex was proposed to be
an intermediate in nucleosome assembly and disas-

sembly reactions. In addition, CIA alone was bio-
chemically shown to dissociate the histone (H3-H4),
tetramer into two histone H3-H4 dimers. This activity
suggested that CIA regulates the semi-conservative
replication of nucleosomes. Here, we provide an
overview of prominent histone chaperones with the
goal of elucidating the mechanisms that preserve and
modify epigenetic information. We also discuss the
reactions involved in nucleosome assembly and dis-
assembly.
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Introduction

The preservation and expression of genetic informa-
tion by processes such as transcription, DNA repli-
cation, repair, and recombination play fundamental
roles in biological phenomena like cell proliferation,
differentiation, tumorigenesis, senescence, and death.
In eukaryotes, genomic DNA forms chromatin struc-
tures with histones, which are evolutionarily highly
conserved basic proteins, and various histone-associ-
ated chromatin factors. The structure of chromatin
blocks access of various enzymes and factors that
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facilitate DNA-mediated reactions on the DNA.
Therefore, the maintenance and regulation of chro-
matin structure are essential for eukaryotic gene
regulation.

Chromatin consists of a repetitive nucleosomal struc-
ture. The nucleosome is composed of a core histone
octamer formed by two molecules each of the four
core histones, namely H2A, H2B, H3, and H4, and 146
base pairs of DNA wrapped around the histone
octamer. Histones contain two structural and func-
tional domains, an N- or C-terminal tail region and the
core domain. The N- or C-terminal tail region is
extensively modified, either transiently or continu-
ously, by histone modification enzymes such as histone
acetyltransferases, histone methyltransferases, and
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histone kinases. These modifications influence indi-
vidual gene expression as well as the formation of
functional chromosomal domains. The core domain
defines a scaffold for the nucleosome structure.
Despite the distinct primary structures, the core
domains of the four core histones adopt essentially
the same fold, the histone fold. This fold is utilized for
heterodimer formation and is shared with various
eukaryotic histone-associated chromatin factors, such
as some TFIID subunits, and with some archaeal
DNA-associated proteins. These tail regions and the
core domains form the molecular bases of chromatin’s
structural and functional features.

Two types of components are important for defining
chromatin features: DNA binding factors that regu-
late specific gene expression, and histone-associated
chromatin factors that alter nucleosome structure and
function. The latter type includes histone modification
enzymes, ATP-dependent nucleosome remodeling
complexes, and nucleosome assembly/disassembly
factors, also referred to as histone chaperones. Despite
their large numbers, most of these enzymes and
factors, with the exception of the histone chaperones,
can be classified into relatively small numbers of
protein families. Therefore, determining their struc-
ture-function relationships has been straightforward.
In contrast, the primary structures of the ten kinds of
isolated histone chaperones are highly diverse. In
addition, a unified understanding of their structure-
function relationships has not yet been achieved due
to limited information on their tertiary structures. A
recent expansion in histone chaperone research based
on structure-function analyses has revealed a number
of similarities and differences among histone chaper-
ones and has shed light on the mechanisms of
nucleosome assembly and disassembly.

In this review, we discuss the structural and functional
features of histone chaperones that have been iden-
tified and characterized to date. We also discuss
nucleosome assembly and disassembly activities that
are relevant to transcription, DNA replication, repair,
and recombination.

Histone chaperones

Nucleosomes can be reconstituted from DNA and
histones by salt gradient dialysis [1-3]. However,
these mixtures are aggregated and precipitated at
physiological ionic strength. Laskey et al. [4] con-
structed a cell-free nucleosome assembly system at
physiological ionic strength with Xenopus egg extracts
and used this system to isolate nucleoplasmin as a
nucleosome assembly factor that does not require low-
molecular-weight cofactors, such as ATP. They termed
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this factor a molecular chaperone (in this case, a
“histone chaperone”) because it prevents nonspecific
interactions between DNA and histones and pro-
motes specific interactions that lead to nucleosome
assembly [5, 6].

Subsequent work showed that the slow addition of
histone made it possible to assemble nucleosomes
without the histone chaperone at near physiological
ionic strength. Under these conditions, however,
nucleosome assembly could be stimulated by the
addition of other chromatin components (e.g., the
linker histone H1 and the non-histone protein HMG
[7, 8]) and acidic polymers (e.g., acidic polypeptide [9,
10], poly (L-malate) [11], and RNA [12]). These
studies resulted in the isolation of other histone
chaperones with different primary structures and
demonstrated that there are various types of histone
chaperones [13].

In this review, we define a histone chaperone as a
factor that has (i) a histone binding activity and (ii) a
histone-dependent, ATP-independent nucleosome
assembly activity, on the basis of the properties of
nucleoplasmin, the first histone chaperone discov-
ered. Notably, most histone chaperones have a
preference for binding either histones H3-H4 or
H2A-H2B. Despite numerous attempts, there is
currently no unified view of the mechanism by which
histone chaperones promote nucleosome assembly. In
most studies, nucleosome formation is monitored by a
supercoiling assay [4, 14, 15] that detects the super-
helical structure of circular DNA created by nucleo-
some assembly. In addition, the length of DNA
wrapped around the histone octamer can be deter-
mined by digestion of nucleosome-associated circular
DNA with an endogenous nuclease such as micro-
coccal nuclease (MNase) [2, 3, 16, 17]. The formation
of a chromatin-like repeating unit can also be con-
firmed by X-ray diffraction [1] or by electron micro-
scopy [3, 18].

Biochemical analyses have revealed that histone
chaperones interact not only with histone proteins
but also with numerous other chromatin factors.
Isolation of the histone H3.1 and H3.3 complexes
using epitope-tagged histones [19] showed that his-
tone chaperones are included in the histone H3.1 and
H3.3 complexes, in addition to other chromatin
factors. Similarly, isolation of the H2AZ complex
revealed the presence of several chromatin factors in
the complex [20]. These interactions between histone
chaperones and chromatin factors are important for
the biochemical and biological functions of histone
chaperones.

Here, we summarize the roles of ten types of histone
chaperones, which have been identified on the basis of
the functional criteria discussed above. We also
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suggest directions for future examinations of nucleo-
some assembly and disassembly mediated by histone
chaperones.

Nucleoplasmin/nucleophosmin (NPM)

The histone chaperone nucleoplasmin was identified in
Xenopus egg extracts as a factor that binds histones and
loads them onto DNA [5, 6]. The nucleoplasmin/
nucleophosmin (NPM) family is comprised of four
groups: NPM1 (nucleophosmin, B23, numatrin,
NO38), NPM2 (nucleoplasmin), NPM3, and NLP
(NPM-like proteins), which are defined on the basis of
sequence homology [21].

NPM1 was identified as a phosphoprotein that is
highly expressed in the nucleolus [22, 23]. NPMI1,
which was initially thought to be important for
ribosome assembly, has since been found to have
roles in many important cellular processes. The
nucleosome assembly activity of NPM1 was identified
later [24]. NPM2 was identified as a factor that
mediates the assembly of nucleosomes [5]. After this
activity was identified, NPM2 was also implicated in
sperm chromatin decondensation and in the activation
of transcription factors that interact with nucleosomes
[21]. Npm3 was discovered as a gene located near the
proto-oncogene fgf8 during studies to identify and
isolate proto-oncogenes that are activated by mouse
mammary tumor virus (MMTV) proviral insertions in
tumors from infected Wnt-1 transgenic mice [25, 26].
NPM3 has been implicated in the regulation of NPM1
activity relevant to ribosomal RNA synthesis [27]. In
addition, similar to NPM2, NPM3 may be involved in
the regulation of sperm chromatin decondensation
[28]. The NLP are invertebrate homologues of
nucleoplasmin. The best-characterized NLP is the
Drosophila NLP (dNLP) [29]. dNLP can bind histo-
nes and decondense sperm chromatin. It is intriguing
that dNLP requires ATP for its nucleosome assembly
activity [29].

NPM family proteins have two distinct domains: a
conserved N-terminal core domain, which includes an
acidic region Al, and a divergent C-terminal tail
domain, which includes one or two acidic regions (A2
and/or A3) (Fig. 1a). The N-terminal core domain is
responsible for the oligomerization of subunits and for
histone chaperone activity. The C-terminal tail do-
main, which varies in length among the family
members, contains some functional motifs. The Al
and A2/A3 regions are suggested to play a role in
sperm decondensation and histone binding, respec-
tively [30,31]. NPM1, NPM2 and NPM3 have classical
bipartite nuclear localization signals (NLS) with the
consensus sequence KRX,,;KKK, where X can be any
amino acid [32]. Additional motifs that are exclusively
found in NPM1 proteins include a putative nuclear
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export signal (NES) and a C-terminal extension
containing both a putative nucleolar localization
signal (NoLS) and a domain for nucleic acid binding
and RNA cleavage (Fig. 1a) [33].

The crystal structures of the Xenopus NPM1 (NO38),
NPM2 (nucleoplasmin), and the dNLP N-terminal
core domains have been determined (Fig. 1b) [34-
36]. These structures suggested that xXNPM1 and
xNPM?2 are decamers and that dNLP is a pentamer.
The subunits of these histone chaperones adopt
essentially the same fold: an eight-stranded (3-barrel
structure. Biochemical and modeling studies suggest
that the decameric histone chaperones xXNPM1 and
xNPM2 bind five histone octamers. Two subunits in
the decameric chaperone appear to interact with one
histone octamer. Although dNLP is a pentamer, the
functional unit of this chaperone may be a decamer
similar to those formed by xXNPM1 and xNPM2 [35].
In addition, heterogeneous complexes of different
NPM family members may allow for functional
modulation [27, 37].

Biochemical analysis has shown that the N-terminal
core domain of NPM1 interacts with the histone (H3-
H4), tetramer and has no nucleosome assembly
activity [31]. Since full-length NPM1 has nucleosome
assembly activity, the C-terminal tail domain may bind
the histone H2A-H2B dimer and may be required for
nucleosome assembly activity [31]. Although NPM1
can bind both histone (H3-H4), tetramer and H2A-
H2B dimers, NPM1 has been reported to bind the
histone (H3-H4), tetramer preferentially [24, 31, 36],
whereas NPM2 binds histones H2A-H2B preferen-
tially [34]. In Xenopus oocytes, histones H2A-H2B
and H3-H4 form complexes with NPM2 and N1/N2
(see below), respectively [38, 39]. Although each of
these histone chaperones can independently assemble
nucleosomes in vitro, assembly is more efficient when
both are present [40].

Phosphorylated NPM family proteins play a role in
chromatin condensation/decondensation in collabora-
tion with other histone chaperones. Chromatin struc-
tures in sperm are highly condensed by sperm-specific
proteins (SPs), and decondensation is necessary for
organization of the diploid genome. A mechanism of
sperm chromatin decondensation has been proposed
[21]. During oocyte maturation, NPM2 becomes phos-
phorylated [41]. Histone H2A-H2B dimers are stored
in oocytes through their interactions with the lateral
face of the NPM2 decamer. When hyperphosphory-
lated NPM2 associated with histone H2A-H2B dimers
comes into contact with the highly compacted sperm
chromatin following fertilization, SPs dissociate from
the sperm chromatin and bind to the distal face of the
decamer through electrostatic interactions. SP-NPM?2
interactions may cause a conformational change in the
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NPM2 decamer, resulting in the release of the bound
histone H2A-H2B dimers for delivery to sperm DNA
with histone (H3-H4), tetramers, thus allowing nucle-
osomes to form. Following the exchange of histone
H2A-H2B dimers for SPs, NAP1 adds the linker
histone B4 and chromatin in the paternal pronucleus,
and thus resembles that of the maternal pronucleus.
Following replication of the paternal DNA, N1/N2
would be needed to deposit histone (H3-H4), tetramers
before the nucleoplasmin adds histone H2A-H2B
dimers.

In contrast to its role in sperm chromatin decondensa-
tion, Xenopus NPM2 also contributes to apoptotic
chromatin condensation, and this reaction is regulated
by NPM2 phosphorylation [42]. The phosphorylation of
NPMI1 also regulates its activity. NPM1 phosphorylated
at Thr199 by CDK2/cyclin E is involved in centrosome
duplication [43, 44] and the repression of pre-mRNA
splicing [45]. NPM family proteins undergo other post-
translational modifications in addition to phosphoryla-
tion. NPM1 is acetylated by the histone acetyltransferase
p300, resulting in an increase in the transcription of a
p53-responsive synthetic reporter gene [31]. Sumoyla-
tion on both Lys230 and Lys260 residues of NPM1
regulates its subcellular localization, cell proliferation,
and survival activities [46]. The components of a neuro-
nal gene repressor complex that includes NPM1 are
modulated by poly(ADP-ribosyl)ation, which allows for
the dissociation of poly(ADP-ribosyl)ated components,
including NPM1, from the complex when it is bound to a
promoter [47]. Both NPM2 and NAP1 have glutamyla-
tion motifs in their C-terminal acidic regions [48, 49].
A unique characteristic of NPM histone chaperones is
decamer (or pentamer) formation through their N-
terminal core domains. The multimeric structure of
NPM family proteins may be advantageous for storing
large amounts of histones in the egg. Since the tertiary
structures of the individual NPM family proteins are
similar to one another, some of these proteins may be
able to form hetero-decamers. Hetero-decameriza-
tion of NPM family proteins may modulate their
functions. The structural significance of the nucleo-
some assembly activity of NPM family proteins
remains to be resolved. Future studies of these
proteins will include structural analysis of NPM-
histone complexes and biochemical analysis of the
cooperation between NPM and N1/N2 in nucleosome
assembly.

N1/N2

In 1975, N1 and N2 (M, ~105 and ~110 kDa) were
isolated as proteins that accumulate in the nucleo-
plasm when Xenopus nuclear extracts were injected
into Xenopus eggs [50, 51]. Subsequently, Klein-
schmidt and colleagues showed that N1 and N2 form
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a complex with histones H3 and H4 and possess
histone chaperone activity [38]. cDNA clones of N1
and N2 were isolated on the basis of the amino acid
sequence of the peptide fragments that were obtained
using antibodies specific for N1 and N2 [52]. The DNA
sequences of N1 and N2 are identical, and the
differences in biochemical and immunochemical
properties have not been explained. These proteins
were therefore designated N1/N2. Homologues of N1/
N2 have been found in other species. Mammalian
NASP (nuclear autoantigenic sperm protein) [53, 54]
and yeast Hif1 (Hat1 interacting factor 1) [55, 56] have
sequence similarities to N1/N2. N1/N2 and NASP
possess two acidic histone binding clusters in the N-
terminal region and a nuclear localization signal in the
C-terminal region (Fig. 1a) [52,57-59]. There are two
types of NASP, a testis-specific form (tNASP) and a
somatic form (sNASP) that is a splicing isoform of
tNASP [54,59]. This suggests that NASP is involved in
the formation of chromosomes from both somatic and
sperm DNA.

N1/N2 preferentially interacts with histones H3 and
H4 in Xenopus egg extracts and shows in vitro
nucleosome assembly activity [39, 60]. Analyses of
the nucleosome assembly activities of N1/N2- and/or
nucleoplasmin-depleted Xenopus egg extracts, as well
as the activities of the purified proteins, indicate that
N1/N2 and nucleoplasmin coordinately deposit histo-
nes onto DNA in a two-step manner [40, 61]. N1/N2
deposits histones H3 and H4 onto DNA to form an
intermediate complex. Nucleoplasmin then loads
histones H2A and H2B onto this complex to form a
nucleosome. Human NASP is included in the histone
H3.1 and histone H3.3 complexes in HeLa cells [19],
suggesting that NASP may interact with the histone
H3-H4 complex and may have a nucleosome assembly
activity similar to N1/N2. In contrast, yeast Hifl
requires a cytosolic extract for nucleosome assembly,
and this reaction buffer includes ATP [56]. This
indicates that the mechanism of Hifl activity in
nucleosome assembly differs from that of N1/N2.
NASP can bind the linker histone H1 [59] and
competes with DNA for histone H1 [62]. In addition,
NASP interacts with the heat-shock protein HSP90
and activates its ATPase activity [63]. The physical
interactions between NASP, linker histone H1, and
HSP90 appear to function as follows. The amount of
linker histone H1 that binds to NASP and is trans-
ported into the nucleus increases in an ATP-depend-
ent manner [63], suggesting that an ATP-dependent
molecular chaperone activity of HSP90 helps to fold
NASP, thereby allowing it to interact with linker
histone H1. Since NASP interacts with HSP90 [64]
and stimulates its ATPase activity [63], NASP acti-
vates HSP90 or vice versa. The DNA binding factors
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E2F and Spl bind to the NASP promoter [65-67],
suggesting that they regulate the increase in NASP
gene expression in the S phase [59]. During the cell
cycle, NASP shuttles between the nucleus and cyto-
plasm [62, 68, 69]. These results all indicate that NASP
may transport linker histone H1 into the nucleus in the
presence of HSP90 in the S phase and deposit this
histone onto replicated DNA. This hypothesis is
supported by the finding that knockdown or over-
expression of NASP inhibits S-phase progression [62,
69]. Since NASP has sequence similarity to N1/N2 and
is included in the histone H3.1 and histone H3.3
complexes [19], it may be a factor that links nucleo-
some assembly and deposition of the linker histone
H1.

Spt6

In 1984, Winston and colleagues isolated spt6 as a
mutation that suppresses the Ty element-mediated
repression of the HI1S4 gene [70]. Later, the SPT6 gene
was independently isolated as the cre2 (catabolite
repressor element2) [71] and ssn20 (suppressor of snf2
20) [72] mutations, which suppress the repression of
the ADH2 and SUC2 genes, respectively [73-75].
Furthermore, Spt6 has been identified in yeast,
Caenorhabditis elegans, and mammals [76—78], indi-
cating that it is an evolutionarily conserved factor. In
1996, Spt6 was demonstrated to have both histone
binding and histone chaperone activities [79]. Spt6
binds histones H3-H4 preferentially [79].

Spt6 is a 170-kDa nuclear protein whose N-terminal
region abounds with acidic amino acid residues and
whose C-terminal region contains an SH2 domain, a
YqgF-homologous domain, tandem HhH motifs, and
an Sl-like domain (Fig. 1a) [76, 80—82]. The YqgF-
homologous domain, HhH motifs, and S1-like domain
are likely to possess nuclease, DNA binding, and RNA
binding activities, respectively. The primary structures
of the YqgF-homologous and S1-like domains are
similar to that of the bacterial factor Tex. The Tex
protein is hypothesized to regulate transcriptional
process [82]. Spt6 is involved in the transcriptional
repression of several genes, such as HTAI-HTBI
(which encode histones), HIS4, ADH2, and SUC2
[70-74,83]. Since Spt6 localizes to promoters [84] and
is involved in chromatin assembly on promoter and
ORFregions [79, 84, 85], its activities probably lead to
transcriptional repression.

Spt6 is also capable of stimulating transcription
elongation, as several lines of evidence indicate. The
first such line is that Spt6 can stimulate transcription
elongation in concert with the DRB-sensitivity-induc-
ing factor (DSIF), which is composed of Spt4 and Spt5
[86]. Spt6 and DSIF may interact physically, since Spt5
can interact with Spt6 [87]. Second, Spt6 can be
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copurified with the C-terminal domain (CTD) of
RNA polymerase II as well as with other transcription
elongation factors/complexes, including S-II, DSIF,
FACT, P-TEFb, TFIIF, and Pafl/Rtfl [88]. Third,
Spt6, DSIF, and FACT inducibly colocalize on pro-
moter and ORF regions with cyclin T, a kinase subunit
of P-TEFb, and RNA polymerase II with phosphory-
lated CTD, which is an actively elongating form [89—
91]. However, RNA polymerase II with unphosphory-
lated CTD, which is inactive for elongation, does not
induce this colocalization [89-91]. Phosphorylated
CTD is specifically recognized by the SH2 domain of
Spt6 [92]. Fourth, genetic analyses have supported the
transcription elongation activity of SPT6. Deletion of
SPT6 is lethal [73, 74], and mutation of SPT6 yields a
6-azauracil-sensitive phenotype indicative of tran-
scription elongation defects [86]. Moreover, the spt6
S-II double mutant shows a temperature-sensitive
phenotype, similar to that seen for the spr4 S-1I and
spt5 S-11 double mutants [86]. These results all suggest
that Spt6 is involved in nucleosome assembly through
its histone chaperone activity during elongation.

In addition, Spt6 was found to be involved in the
synthesis, processing, and export of mRNA. Spt6
comigrates with DSIF, FACT, and RNA polymerase 11
to polyadenylation sites on the ADHI, PMAI, and
PYKI genes during transcription elongation [93].
Spt6- or Spt4-defective mutant produces lower levels
of the GALIO-GAL?7 fusion transcript, suggesting
that Spt6 can affect the 3'-end formation of mRNA
[94]. Spt6 coimmunoprecipitates with RNA-process-
ing exosomes, which comigrate along with the Asp70
and hsp26 genes during transcription elongation [95].
Iwsl, a direct binding partner of Spt6 [88], also
interacts with export factors of mRNA [92]. These
results suggest that Spt6 plays an important role in
mRNA synthesis, processing, and export.

NAP1

Nucleosome assembly protein 1 (NAP1) was isolated
from both human HelLa S3 and mouse FM3A cellsas a
protein that facilitates the assembly of nucleosome-
like structures in vitro [96,97]. NAP1 has been used as
a reagent for defined in vitro chromatin assembly
systems [98]. Homologues of NAP1 have been found
in diverse eukaryotic organisms [99-104] and there
are several NAP1 family members, as described
below. NAPI-like proteins (NAPILI-NAPILS)
have been identified by their sequence homology to
NAPI. Template activating factor I (TAF-I), which
has been implicated in cancer, is a well-known NAP1-
like factor. The calcium/calmodulin-dependent serine
protein kinase-interacting nucleosome assembly pro-
tein (CINAP), which is abundant in neuronal cells,
and the testis-specific protein Y-encoded (TSPY),
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which is evolutionarily conserved on the mammalian
Y chromosome, are also NAP1 family proteins. In this
section, we discuss NAP1 family proteins except TAF-
I. TAF-1is described in the next section because it has
been extensively studied.

NAP1 family proteins are composed of N- and C-
terminal variable regions and a central highly con-
served NAP domain containing approximately 300
amino acid residues (Fig.1a). The NAP domain is
necessary and sufficient for both histone binding and
nucleosome assembly activities [105], and is also
important for dimerization of NAP1 [106]. Other
NAP1 family members may also possess these activ-
ities because their NAP domains share a sequence
homology [107-110]. The C-terminal region, which is
highly acidic, is required for transient removal of
histone H2A-H2B dimers, facilitating the nucleosome
sliding [111]. In many eukaryotes, NAP1 binds histone
H2A-H2B preferentially in vivo [96, 102, 112]. The
crystal structure of NAP1 reveals that it has a dome-
shaped architecture defined by a long dimerization
helix and an a-f§ domain in each monomer (Fig. 1b)
[106]. However, the mechanism underlying NAP1-
mediated nucleosome assembly remains elusive be-
cause the structure of the NAP1-histone complex has
not been solved.

NAP1 is anucleosome assembly factor not only for the
core histones (H2A, H2B, H3, and H4) but also for the
linker histones (H1 and B4). NAP1 has therefore been
called a linker histone chaperone [113, 114]. NAP1
relaxes the spacing between nucleosomes by removing
the linker histone H1 from the chromatin fiber [113].
Conversely, Xenopus NAP1 introduces the oocyte-
specific linker histone B4 onto the chromatin after
fertilization [114]. The linker histones H1 and B4
differ drastically in both the length and net charge of
their C-terminal tail domains. The reduced basicity of
the linker histone B4 compared with that of H1 in the
long C-terminal tail domain might contribute to the
reduced interaction between adjacent nucleosomes
[115]. Thus, the deposition of linker histone B4 onto
the chromatin by NAP1 may play an important role in
early embryonic development when rapid rounds of
DNA replication are taking place. This functional role
is consistent with the embryonic lethality of a NAP1
knockout mutation in Drosophila [116].

NAP1 is involved in histone shuttling between the
cytoplasm and nucleus. Drosophila NAP1 (dANAP1)
changes its localization in a cell-cycle-dependent
manner. In embryonic cells, ANAP1 is present in the
nucleus in the S phase but is found predominantly in
the cytoplasm in the G2 phase [102]. Phosphorylation
of both ANAP1 and human NAP1L4 by casein kinase
2 causes them to localize to the nucleus [117, 118].
Yeast NAP1 (yNAP1) mediates an interaction be-
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tween the histone H2A-H2B dimer and karyopherin,
a nuclear import receptor [119]. Structural analysis of
yNAP1 supports these phenomena [106]. The nuclear
export of yNAP1 is dependent on its NES-like
sequence [120]. A NES-like sequence located at the
tip of the dimerization helix of yNAP1 is masked by
the accessory domain, which is composed of helix a3
and flanking loop regions of the adjacent subunit and
is linked to the a2 dimerization domain [106]. There-
fore, the nuclear localization of NAP1 may be
regulated by the masking and unmasking of the
NES-like sequence [106]. Since the accessory domain
is highly variable, different NAP1 family proteins may
exhibit differences in the efficiency of nuclear export.
NAP1 also has an NLS motif in a B hairpin. The NLS
motif is a typical one found in other known nuclear
proteins [121-123]. These observations provide evi-
dence for the involvement of NAP1 in histone
shuttling between the cytoplasm and nucleus.

In addition, yNAP1 and human NAP1 (hNAP1) are
involved in exchange reactions with histone H2A
variants [20, 111, 124]. yNAPI is a subunit of the
H2AZ complex, in which yYNAP1 seems to be involved
in the exchange of the canonical histone H2A with its
variant counterpart H2AZ [20]. hNAP1 may also
participate in exchanges between histone H2A and
the H2ABDbd variant [124]. These observations sug-
gest that the intrinsic histone exchange activity of
NAP1 is nonspecific for histone H2 A variants and that
specificity is conferred in the context of a larger
macromolecular complex, such as the SWR1 complex.
The multi-functional histone chaperone NAP1 is
conserved from yeast to human and defines a diverse
family in higher eukaryotes. NAP1 family proteins are
expressed in an organ-specific manner [125]. For
example, members of the NAPIL subfamily and
CINAP are expressed in the brain, while TSPY is
testis specific. A better understanding of the relation-
ship between the diversity of NAP1 family proteins
and their organic specificity is awaited. In addition,
NAP1 family members were shown to interact with
various gene-specific transcription factors including
the transcriptional activator E2 [126] and the T-box
transcription factor Tbr-1 [110]. How histone chaper-
ones select the gene locus in the genome at which
histones should be deposited will need to be resolved
by studies of the binding specificity between histone
chaperones and DNA binding factors. Elucidation of
the fundamental molecular mechanisms underlying
the action of NAP1 will help to resolve these issues.

TAF-IB/SET

TAF-If (template activating factor If}) is one of the
most well-characterized histone chaperones in the
NAP1 family. TAF-Ip has also been referred to as
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SET, PHAPII, INHAT, IGAAD, StF-IT-1, and
I2PP2A, depending on how it was isolated. The
TAF-IB gene was first identified as a fusion of the set
(SE translocation) gene to the can gene in acute
undifferentiated leukemia [127]. TAF-1 was also
independently identified from a HeLa S3 cell extract
as a stimulator of DNA replication from the Ad core,
which is a chromatin-like structure composed of
adenovirus DNA and viral basic proteins [128].
Subsequently, nucleotide sequence analysis revealed
that TAF-I was identical to SET [129]. TAF-I exists in
two isoforms, TAF-Ia and TAF-IP, which are gener-
ated by alternative splicing. The two isoforms are
identical except for a short N-terminal sequence (1—
37 aa of TAF-Ia and 1-24 aa of TAF-IB). TAF-If is
highly conserved in frog, mouse, rat, and human. TAF-
Ip homologues are also found in invertebrates. Spr-2,
which has approximately 38 % sequence identity to
human TAF-If, has been identified in C. elegans [130].
Saccharomyces cerevisiae Vps75, which was very
recently identified as a NAP1 family protein, is similar
to TAF-I in its domain structure (Fig. 1a) and in its
preference for binding histones H3-H4 [131]. Vps75
interacts with novel histone acetyltransferase Rtt109
and activates its enzymatic activity [132]. Because
TAF-I has significant amino acid sequence similarity
to NAP1, its nucleosome assembly activity was tested
and confirmed. TAF-I can be replaced by NAP1 in
activation of the cell-free Ad core transcription
system [107]. TAF-If also exhibits sperm chromatin
decondensation activity, similar to NAP1 [133]. Thus,
TAF-If is functionally related to NAP1.

The crystal structure of TAF-IBAC (1-225 aa), which
is composed of the N-terminal helix, the backbone
helix, and the earmuff domain, forms a dimer that
assumes a headphone-like structure similar to that of
NAP1 (Fig. 1b) [106, 134]. However, the two histone
chaperones differ structurally in several respects.
First, the disposition of the N-terminal al helix is
different in the two proteins. Helix al of NAP1
interacts with the main body of the dimer, but helix a1
of TAF-If does not. Secondly, the a7 helix of TAF-If3
is about 10 residues shorter than that of the corre-
sponding helix of NAP1. Thirdly, NAP1 has an
additional helix that is inserted between the backbone
helix and the earmuff domain. Fourth, the relative
orientations of the backbone helix and the earmuff
domain differ. An outward rotation of ~40° is
required to superimpose the earmuff domain of
TAF-If onto the corresponding domain of NAPI.
These structural differences between TAF-If and
NAP1 may have functional consequences for histone
binding specificity.

The structure-function relationships of TAF-If have
been intensively studied on the basis of the crystal
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structure. Interaction between TAF-Ip and histones
has been confirmed in vivo [135] and in vitro [136,
137]. TAF-If preferentially binds to histones H3 and
H4, although all core histones can bind to TAF-Ip.
Full-length TAF-If binds to all four core histones,
whereas the TAF-IBAC deletion protein, which lacks
the C-terminal acidic stretch, only binds histones H3
and H4 in vitro [134]. Since TAF-IBAC has the same
level of nucleosome assembly activity as the full-
length protein [134], the activity seems to be achieved
primarily by the interaction with histones H3 and H4.
A biochemical study with TAF-Ip mutants showed
that the lower part of the earmuff domain is used for
binding both core histones and dsDNA [134]. In
addition, mutants with impaired histone and DNA
binding activities have weak histone chaperone activ-
ity [134]. An interaction assay using histone tail
peptides or acetylated histones purified from HeLa
cells has shown that TAF-If specifically binds to
unacetylated, hypoacetylated, and repressively
marked histones but not to hyperacetylated histones
[138, 139]. TAF-IP has also been isolated as a subunit
of the INHAT complex, a multiprotein complex that
potently inhibits the histone acetyltransferase activ-
ities of p300/CBP and PCAF [135]. These observa-
tions suggest that the charged histone tail region is a
major determinant in allowing TAF-I (INHAT) to
bind to chromatin and to play a regulatory role in
chromatin modification.

TAF-If has also been isolated by affinity purification
of factors interacting with the DNA-binding domain
of the transcription factors KLF5 and Sp1 [140, 141].
TAF-If inhibits the DNA binding activities of both
KLF5 and Spl and interferes with their transactiva-
tion activities [140, 141]. In addition, TAF-If} interacts
with nuclear receptor-type transcription factors such
as estrogen receptor oo (ERa), progesterone receptor
B, thyroid receptor 3, and RXR a [142]. Other
examples of the involvement of TAF-If in promoter-
specific transcriptional regulation have been reported.
TAF-If regulates transcription along with other tran-
scription factors such as COUP-TF (chicken ovalbu-
min upstream promoter transcription factor), NGF-
IB (nerve growth factor inducible protein B), and SF-1
(steroidogenic factor-1) to regulate P450c17 gene-
specific transcription [143]. TAF-Ip regulates the
KAIl gene-promoter-specific transcription by bind-
ing to the adaptor protein Fe65 [144]. Thus, TAF-If
may be recruited to specific genes through its inter-
action with specific DNA binding factors and may
contribute to transcriptional regulation through its
nucleosome assembly activity.

TAF-If also has roles in phenomena such as gene
translocation [127, 145]; caspase-independent apop-
tosis, which depends on its digestion by the trypsin-
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like protease GzmA [146-149]; cell-cycle regulation,
which depends on its interaction with the CDK
inhibitor [150, 151]; and cancer regulation, which
depends on binding to leukemia-related factor [152].
We propose that the basis of the multifunctional
properties of TAF-If is its histone chaperone activity,
which plays a role in nucleosome assembly and
disassembly. In the future, understanding the signifi-
cance of the structural and functional separation
between TAF-If3 and NAP1 family proteins in indi-
vidual cells will broaden our understanding of the
roles of histone chaperones in multi-cellular organ-
isms.

CAF-1

In 1986, Stillman and colleagues [153] identified an
activity that preferentially assembles nucleosomes
onto replicating DNA. In 1989, these researchers
purified a factor possessing this activity and named it
“chromatin assembly factor 1”7 (CAF-1) [154]. In
1995, they cloned cDNAs encoding the CAF-1
subunits p150 and p60 and showed that these subunits
were sufficient for CAF-1 activity [155]. Subsequent-
ly, CAF-1 homologues were identified in both Droso-
phila [156-158] and yeast [159, 160], suggesting that
CAF-1 promotes DNA replication-dependent nucle-
osome assembly in an evolutionarily conserved man-
ner.

Human CAF-1 (hCAF-1) is composed of three
conserved subunits: p150, p60, and p48. hCAF-1
binds histones H3 and H4 preferentially [155]. The
complex of CAF-1 and histones H3-H4 has been
designated the CAC complex [161]. Human p150,
Drosophila p180, and yeast Cacl/RIf2 share primary
structure homology [155, 158—-160]. The C-terminal
region of p150 is involved in a dimer formation and
interacts with p60 [155, 162]. These interactions are
essential for CAF-1 activity (Fig. 1a). Moreover, the
N-terminal region of p150 directly interacts with the
DNA polymerase clamp PCNA [163, 164], and p150
colocalizes at DNA replication foci with PCNA and
p60 in the S phase [163, 165, 166]. In the late S phase,
p150 also interacts with the heterochromatin protein
HP1 and PCNA, and localizes to heterochromatin
[167]. Since p150 plays a key role in the interaction
between CAF-1 and histones [155], it is likely to be a
key component of CAF-1 in DNA replication-de-
pendent nucleosome assembly.

Human p60, which is encoded in the Down’s syn-
drome region on human chromosome 21 [168],
possesses a HIRA-like amino acid sequence [169,
170]. p60, Drosophila p105, and the yeast homologue
Cac2 contain a WD40 domain and a B-domain-like
motif (Fig. 1a) [155, 158, 159, 169, 171] and binds to
CIA directly, similar to HIRA [158, 172-174]. p60
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contains several consensus target sites for various
kinases [155, 175] and is phosphorylated by Cyclin/
Cdk in vitro [176]. Phosphorylation of p60 [177]
correlates with the cell-cycle-dependent regulation of
CAF-1 activity and localization [166]. Active CAF-1is
present in the nucleus during the G1, S, and G2 phases,
whereas inactive CAF-1 is present in both nucleus and
cytoplasm during the M phase [166]. p60 is phos-
phorylated and associates with chromatin in response
to UV irradiation, and CAF-1 promotes nucleosome
assembly on newly synthesized DNA after UV
irradiation [175, 178]. These observations suggest
that p60 is a cell-cycle- and U V-irradiation-dependent
regulatory subunit of CAF-1.

Human p48, Drosophila p55, and yeast Cac3/Msil
contain a WD40 domain like p60 (Fig. 1a) [157, 159,
161, 179]. In addition, p48 is present not only in the
CAF-1 complex but also in several chromatin-related
complexes including the HAT1 complex [175], the
HDACI complex [157], the histone methyltransferase
complex ESC-E(Z) [180], and the ATP-dependent
nucleosome remodeling complex NURF [181]. Only a
small fraction of p48 is associated with the CAF-1
complex; the vast majority is present in other com-
plexes [161, 166]. Moreover, p48 is associated with
histone H4 in the absence of other CAF-1 subunits
[161, 175], suggesting that it links predeposited
histones and various chromatin-related complexes.
CAF-1lisinvolved in DNA replication/repair-depend-
ent nucleosome assembly [182]. The proposed mech-
anism is as follows. First, CAF-1 is recruited onto
replicated DNA, or DNA containing single-strand
breaks, through PCNA in an ATP-dependent manner
[163,164]. The recruitment of CAF-1to DNA damage
sites is mediated by Werner syndrome protein WRN,
which belongs to the RecQ family of DNA helicase
[183]. Second, the CAF-1-mediated nucleosome as-
sembly reaction proceeds in two steps. CAF-1 first
deposits histones H3 and H4 onto replicated DNA,
and histone H2A-H2B dimers subsequently bind to
the histone (H3-H4), tetramer [177]. In the first step,
CAF-1 selectively binds to histone H3.1 [19] and then
facilitates DNA replication/repair-dependent nucleo-
some assembly reaction coordinately with CIA in
vitro [19, 173, 184, 185]. Third, CAF-1 forms a
complex with methyl CpG binding protein MBD1
and H3-K9 methyltransferase SETDB1 in the S phase
[186]. Fourth, p150 colocalizes with PCNA and HP1,
which recognizes methylated H3-K9, to replicated
heterochromatin regions [167]. It is notable that
mutations in Cacl and Pol30, the yeast homologues
of p150 and PCNA, respectively [159, 160, 187], cause
defects in telomere silencing. Although a functional
effect on heterochromatin at telomeres is observed in
the cacl mutant, there is no structural effect on
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telomeric heterochromatin [188], suggesting that
CAF-1 possesses an unknown function that regulates
heterochromatin-specific gene expression.

CAF-1 cooperates with factors such as histone H3.1,
CIA, PCNA, MBD1, SETDBI1, and HP1, to facilitate
nucleosome assembly on daughter DNA during
replication of both euchromatin and heterochromatin.
In addition, CAF-1 localizes near replication forks
and transfers epigenetic information encoded on
parental nucleosomes to daughter nucleosomes.
CAF-1 is associated with histone H4 acetylated at
some N-terminal tail residues, namely lysines 5, 8, or
12, acetylation patterns that are characteristic of
newly synthesized histones. The N-terminal tail re-
gions of histones H3 and H4, however, are not
required for interaction with CAF-1 or for CAF-1-
mediated nucleosome assembly [189]. Since these
acetylations, which appear to function as markers of
newly synthesized histones, can be recognized by
other chromatin factors, the discrimination between
newly synthesized and old histone proteins might be
utilized in some nuclear events. The acetylation of the
newly synthesized histones appears to be removed in
daughter chromatin, and the parental histone mod-
ifications are then recovered by an unknown mecha-
nism. Studies of the functional roles of CAF-1 in
nucleosome replication will be an important issue for
elucidating the mechanisms underlying the inheri-
tance of epigenetic information.

HIRA

HIRA was isolated as a protein encoded by a gene
within the DiGeorge syndrome critical region of
human chromosome 22q11 in 1993 [190]. HIRA was
originally named TUPLE1 because of a sequence
similarity to the yeast corepressor Tupl and Droso-
phila E(spl) [190]. Osley, Lipinski, and colleagues
[191-193] showed that TUPLE1 was more similar to
Hirl and Hir2/Sptl, which are repressors of histone
gene transcription in yeast, and they renamed the
protein HIRA (histone regulatory homolog A) [194].
Furthermore, Almouzni and colleagues [195] showed
that HIR A has histone chaperone activity, on the basis
of its histone binding activity [196—198].

HIRA'’s primary structure is divided into an N-
terminal Hirl-like region and a C-terminal Hir2-like
region (Fig.1la) [170, 194]. Both HIRA and Hirl
possess two similar domains, a WD40 domain and a B-
domain [170, 193, 194], which respectively show
sequence similarity to those found in the CAF-1 p60
subunit [169, 171]. HIRA and Hir2 share a similar
domain named the C-domain [170, 194]. A recent
tertiary structural analysis of a B-domain peptide in
complex with CIA has shown that the B-domain
peptide forms an antiparallel -hairpin (Fig. 1b) [171].
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In yeast, Hirl interacts with Hir2 through the C-
terminal region of Hirl [199, 200]. The two proteins
associate with Hir3/Hpcl and Hpc2 [201], forming the
HIR complex, which assembles nucleosomes in vitro
similar to HIRA in higher eukaryotes [202, 203].
These results suggest that HIRA may be a fusion of
Hirl and Hir2.

The HIR complex is functionally related to the SWI/
SNF complex. Hirl and Hir2 repress [191, 199] the
promoter activity of the histone genes that are
specifically expressed in the S phase [204-207]. The
ATP-dependent nucleosome remodeling complex
SWI/SNF is required for the expression of the histone
genes and is recruited to this locus through its
interaction with Hirl and Hir2 [208]. The HIR
complex, however, inhibits the nucleosome remodel-
ing activity of the SWI/SNF complex in vitro [202],
suggesting that histone gene expression is negatively
regulated by the HIR complex and positively regu-
lated by the SWI/SNF complex in a cell-cycle-depend-
ent manner. HIRA is phosphorylated by Cyclin/Cdk
in the S phase [209] and, in mitosis, HIRA dissociates
from chromatin through mitotic phosphorylation
[210].

Interactions between HIRA and transcription factors
like Pax3 and Pax7 [198]; functional interactions with
transcription elongation factors such as Spt4, 5, 6 and
16 [200, 211]; and the Spt phenotype of hirl and hir2
mutants [192] suggest that HIRA, Hirl and Hir2 are
involved in transcription of several classes of genes.
Since HIRA promotes replication-independent nu-
cleosome assembly, it may be involved in chromatin
assembly on promoters and ORFs. HIRA also asso-
ciates with silencing factors. It interacts with CAF-1
p48 and with HDAC?2 through the N-terminal WD40
domain and the C-terminal LXXLL motif, respec-
tively [212]. Yeast phenotypic analyses showed that
both Hirl and Hir2 are involved in Cacl- and CIA-
mediated gene silencing, although the deletion of
either HIRI or HIR?2 alone has no effect on silencing
[169,185,213]. HIRA is also known to be required for
the recruitment of HP1 to pericentromeres in human
cells [214] and to be involved in silencing at the mating
loci and centromeres in Schizosacccharomyces pombe
[215].

Human HIRA, yeast Hirl, and yeast Hir2 interact
with human and yeast CIA, respectively [171, 185,213,
216, 217]. Human HIRA and yeast HIR complex
coordinately facilitate replication-independent nucle-
osome assembly reaction with CIA in vitro [19, 203].
In addition, both Hirl and CIA are involved in the
reassembly of nucleosomes on the yeast PHOS
promoter after gene expression [218]. HIRA selec-
tively binds to histone H3.3 [19] and is required for the
deposition of histone H3.3 during sperm nucleus
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decondensation in fertilized Drosophila eggs [219]
and mouse zygote [220]. These results all indicate that
HIRA and CIA are coordinately required for repli-
cation-independent nucleosome assembly in vivo.
Structural and functional analyses of the interaction
between HIRA and CIA [171, 216, 217] have identi-
fied their interaction surfaces, which are distinct from
the sites of interaction between CIA and the histone
H3-H4 dimer (Fig. 1b) [221-224], suggesting that
HIRA and CIA may simultaneously associate with
histone H3.3. Further structural and functional anal-
yses of HIRA with the CIA-H3.3-H4 complex will
clarify the mechanisms of nucleosome assembly and
disassembly.

CIA/Asf1

Sternglanz and colleagues [225] isolated anti-silencing
function 1 (Asfl) in a yeast genetic screen as a factor
whose overexpression disrupts both telomeric and
mating-type silencing. Kadonaga and colleagues [184]
identified the replication-coupling assembly factor
(RCAF), a complex composed of Asfl and histones
H3 and H4, as a CAF-1 stimulator from Drosophila
embryo extracts. We isolated CCG1-interacting factor
A (CIA), a human Asfl homologue, as a factor that
interacts with the bromodomain (BrD) of the largest
subunit CCG1, a component of the general tran-
scription factor TFIID, and biochemically identified it
as a histone chaperone [221, 226].

CIA is composed of two structurally distinct domains,
an evolutionarily conserved N-terminal core domain
and a divergent C-terminal domain (Fig. 1a) [184,
221]. The N-terminal core domain possesses an
immunoglobulin fold structure (Fig.1b) [216, 222,
227] and is sufficient for histone chaperone activity
[216, 228]. The C-terminal species-specific region of
the yeast homologue is rich in acidic amino acid
residues [225, 228]. However, in the human protein,
the C-terminal region is enriched in serine and
threonine residues [173, 221, 229] that include some
phosphorylated sites [174]. Although there is only one
gene in yeast and Drosophila, there are two CIA genes
in vertebrates, plants, and C. elegans. The vertebrate
proteins are CIA-1/Asfla and CIA-11/Asflb [173, 229,
230], which functionally differ in several respects: (i)
HIRA preferentially interacts with CIA-I [19, 171,
217], (ii) CIA-I is more strongly phosphorylated than
CIA-II in the C-terminal serine/threonine-abundant
region [229], and (iii) CIA-I is ubiquitously expressed,
but CIA-II is expressed in a tissue-specific manner
[230].

During transcription in yeast and human, CIA
interacts with the CCG1 BrD [226] and the histone
H3.3 chaperone HIRA (Fig. 1b) [171, 185, 213, 216,
217]. In addition, another experiment suggests that
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CIA is likely to be a direct regulator of global gene
expression [231]. CIA also targets the promoters and
ORFs of inducible genes and participates in nucle-
osome disassembly and reassembly in vivo [218,232—
234]. In DNA replication, CIA associates with the
histone H3.1 chaperone CAF-1 through its p60
subunit in an evolutionarily conserved manner [158,
172-174]. In addition, the ATPase complex RFC
(replication factor C), which loads the DNA poly-
merase clamp factor PCNA, directly interacts with
CIA and recruits CIA to the DNA in vitro [235].
Since CIA localizes at active replication forks, RFC
is thought to recruit CIA to these sites in vivo [236].
During DNA repair, CIA interacts physically and
functionally with the FHA domain of Rad53, which is
a conserved checkpoint protein kinase [237-239].
This interaction inhibits the histone chaperone
activity of CIA. Although it was reported that
phosphorylation of Rad53 is involved in its inter-
action with CIA, this notion was later dismissed [237,
239]. These results all show that CIA is involved in
various DNA-specific reactions including transcrip-
tion, DNA replication, and DNA repair.

Phenotypic analyses of yeast also support the above
conclusion. The CIA disruptant shows an Spt” pheno-
type [185, 226] and is sensitive to HU, MMS, BLM,
camptothecin, and cisplatin [184, 225, 240]. In addi-
tion, it exhibits an increased frequency of homologous
recombination [241]. Furthermore, the mutation of
genes encoding chromatin factors such as CAF-1
subunits, PCNA, and Sir1 confers defects in telomeric
and mating-type silencing in CIA disruptants [184,
185, 213, 225, 242, 243]. These phenotypic studies
suggest that CIA is also involved in DNA recombina-
tion and silencing. CIA is regulated in a cell-cycle-
dependent manner as follows. CIA is expressed in the
S phase in yeast [225]. CIA has cell-cycle-specific
chromosomal and cytoplasmic localization in Droso-
phila [244], and is phosphorylated by the S-phase-
specific kinase Tlk in human, Arabidopsis, and
Drosophila cells [229, 245, 246]. Disruption of CIA
results in a growth defect in S. cerevisiae and lethality
in S. pombe [184, 225, 228]. Dead cells of the S.
cerevisine CIA disruptant show an apoptosis-like
phenotype [247]. In human fibroblast cells, the
formation of senescence-associated heterochromatin
foci (SAHF) is driven by CIA-I and HIRA [217, 248].
These observations suggest that CIA is involved in a
variety of cell functions including cell proliferation,
death, and senescence. In addition, CIA might be
related to cell differentiation, because the expression
patterns of CIA-I and CIA-II are different in various
human cells [230].

CIA interacts with the C-terminal region of histone
H3 [221-224]. This interaction plays a central role in
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transcription, DNA replication, and DNA repair [223,
224]. In the nucleosome assembly reaction, CAF-1
and HIRA cooperate with CIA in replication/repair-
dependent and replication-independent manners, re-
spectively [19, 173, 184, 185, 203]. CIA forms a stable
complex with histones H3 and H4 in vivo and in vitro
[184, 221, 249]. Interestingly, this complex is com-
posed of one CIA protein and one histone H3-H4
dimer [249]. This result suggests two possibilities:
either that the CIA-H3-H4 complex is formed before
deposition of the histone H3-H4 complex onto DNA,
or that the complex is produced by disruption of the
histone (H3-H4), tetramer. Surprisingly, the histone
(H3-H4), tetramer, which for the past 30 years was
believed to be robust and stable, is dissociated into two
histone H3-H4 dimers by CIA (Fig. 2a) [224]. Struc-
tural analyses of the CIA-H3-H4 complex [223, 224]
and CIA-H3 peptide complex [250, 251] indicate that
the interaction of the histone H3-H4 dimer with
another histone H3-H4 dimer and that with CIA are
mutually exclusive options. In HeLa cells, the forma-
tion of this complex causes CIA to pool histones in the
cytoplasm [252]. The complex seems to constitute the
core of a predeposited-histone complex composed of
CIA and additional histone chaperones in the nucleus
[19]. These results suggest that CIA-H3-H4 com-
plexes formed in the cytoplasm are imported into the
nucleus and deposit histones onto DNA together with
other histone chaperones [223, 224]. After histone
delivery, free CIA may cause nucleosome disassembly
through its histone (H3-H4), tetramer-disrupting
activity [224].

CIA interacts with histone modification enzymes and
modification-recognizing proteins/domains. CIA in-
teracts with the SAS complex that acetylates the
histone N-terminal tail region [242, 243], and re-
presses the HAT activity of this complex [253]. In
contrast, CIA directly activates the HAT activity of
Rtt109, which acetylates histone H3-K56 in the C-
terminal core domain [254-256], through interaction
with Rtt109 [132]. Since histone H3-K56 is exposed in
the CIA-H3-H4 complex [223, 224], CIA is able to
recruit Rtt109 to H3-K56 efficiently. Deletion mutants
of CIA and Rtt109 increase supercoiled plasmid
DNA, compared to the wild type [254]. A mutation
mimicking acetylated histone H3-K56 reduces the
initial FRET signal between two linker DNAs on the
nucleosome [257]. These results suggest that acetyla-
tion of histone H3-K56 is involved in structural
changes in the nucleosome. Furthermore, CIA inter-
acts with the CCG1 BrD [226], which recognizes a
histone-acetylated lysine residue, implying that CIA is
involved in regulating gene expression and translating
histone modification patterns into chromatin struc-
ture alterations (Fig. 2b).

Mechanisms of nucleosome assembly/disassembly

Structural and functional analyses of the CIA-histone
H3-H4 complex show that CIA probably plays a
general role in nucleosome assembly and disassembly
during a variety of DNA-mediated reactions. On the
other hand, CIA is involved in nucleosome assembly
in yeast [203, 241], Drosophila embryo [184], and
HeLa cell extract [173, 252] but not in Xenopus egg
extract [258]. These diverse functional roles might be
affected by the differences in CIA-associated mole-
cules from different sources. Since CIA localizes to the
replication fork and dissociates the histone (H3-H4),
tetramer into two histone H3-H4 dimers, it may
participate in the inheritance of epigenetic informa-
tion encoded as histone modifications, and the regu-
lation of CIA activity may be critical for cell fate
choices such as proliferation or differentiation
(Fig. 2d). Demonstration of these hypotheses awaits
experimental confirmation.

FKBP

Peptidyl-prolyl cis/trans isomerase (PPlase) is an
enzyme that catalyzes proline isomerization and alters
the orientation of peptide chains at proline residues.
The FK506-binding protein (FKBP), a member of the
PPlase family, was named for its ability to bind the
immuno-suppressive drug FK506. Most FKBPs have
additional domains that interact with other factors
and/or have other functions. Notably, nuclear FKBP,
which contains two acidic regions and one basic region
in the N-terminal domain, has nucleosome assembly
activity (Fig. 1a) [259].

The first nuclear FKBP, the FK506-binding proline
rotamase 3 (Fpr3), was independently isolated in S.
cerevisiae by three groups in 1994 as an abundant
nucleolar protein that recognizes the NLSs of histone
H2B [260-262]. Fpr4 was identified as an Fpr3
family member in S. cerevisiae [263]. Analysis of the
S. pombe Fpr3 homologue SpFkbp39p suggested that
nuclear FKBPs interact with DNA and histones
through their N-terminal highly basic and acidic
regions, respectively [264]. Subsequently, the nucle-
osome assembly activity of nuclear FKBP was
identified [259]. Although the FKBP PPlase domain
is conserved from Escherichia coli to human, full-
length nuclear FKBP is conserved only from yeast to
insects [264] and is not found in vertebrates. How-
ever, a BLAST search showed that the N-terminal
domain of Fpr3 shares a great degree of homology
(36 % amino acid sequence identity) with nucleolin, a
mammalian protein localized in the nucleolus
(Fig. 1a) [261]. Nucleolin also has histone transfer
activity [265], suggesting that nucleolin and nuclear
FKBPs have similar functional roles.

The nucleolar localization of FKBPs is characteristic
of these histone chaperones [259-261,264]. Although
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many nucleolar proteinsin S. cerevisiae are complexed
with Netl, which maintains their localization, the
nucleolar localization of Fpr3 does not depend on
Netl [266]. Fpr3 and the ribosomal protein S24 were
isolated by FK520 (an FKS506 derivative) affinity
column chromatography [262], and a yeast two-hybrid
assay showed that both Fpr3 and Fpr4 interact with
S24 [263]. These observations suggest that Fpr3 and
Fpr4 contribute to nucleolar function.

The PPlase activity of nuclear FKBPs may be involved
in histone modification and histone variant exchange.
Fpr4 interacts with core histones through its N-terminal
histone chaperone domain and preferentially binds the
histone H3-H4 complex rather than histone H2A-H2B
[267]. Fprd specifically binds the N-terminal tail K/
RxxGGK motif of both histones H3 and H4, leading to
isomerization of the histone H3-P38 residue, which is
located close to the binding motif. This conformational
change in histone H3 regulates the methylation of
histone H3-K36 by the methyltransferase Set2 [268]. In
the S. cerevisiae napl Achzl A strain, both Fpr3 and
Fpr4 are found in the histone variant H2AZ complex
[269], suggesting that Fpr3 and Fpr4 are involved in the
histone H2AZ exchange reaction.

Further functional analyses have implicated Fpr3 in
cell-cycle regulation. Reversible phosphorylation of
Fpr3 plays a role in regulating the growth rate and
budding of S. cerevisiae [270-272]. Fpr3 interacts with
PP1 (yeast PP2A: protein phosphatase 2A) through
its PPlase domain, and this interaction regulates PP1
localization and maintains recombination checkpoint
activity in vivo [273]. Fpr3 suppresses Tom1 (temper-
ature-dependent organization in mitotic nucleus)
phenotypes, which include defects in nuclear division,
the maintenance of nuclear structure, and nucleo-
cytoplasmic transport at high temperatures [274-—
276]. Therefore, Fpr3 appears to play a role in cell-
cycle regulation.

Nuclear FKBPs are unique histone chaperones whose
PPlase catalytic activity induces the structural con-
version of target proteins. The peptidyl-prolyl isomer-
ase domain, which is conserved among all FKBPs,
inhibits nucleosome assembly [259, 267] but its role in
this process is not understood. Previous findings
indicate that the mechanisms of the elementary
reactions in nucleosome assembly should be analyzed
to acquire an understanding of the relationship
between PPlase activity and nucleosome assembly
activity of nuclear FKBPs. This analysis would broad-
en our understanding of the functional roles played by
nuclear FKBPs, including chromatin remodeling in
the nucleolus, ribosomal synthesis, and cell-cycle
regulation.

Mechanisms of nucleosome assembly/disassembly

JDP2

JDP2 (Jun dimerization protein 2) was isolated as a
member of the AP-1 protein family that interacts with
c-Jun and ATF-2 [277, 278]. AP-1 family proteins are
DNA binding factors that typically form homodimers
or heterodimers with other members of the AP-1
family. Surprisingly, JDP2 was found to bind histones
and to have histone chaperone activity [279].

JDP2 has a bZIP region composed of a basic region
involved in DNA binding and a leucine zipper for
dimer formation (Fig.1la) [277]. The C-terminal
region contains a site phosphorylated by JNK and
p38, which are kinases that phosphorylate a number of
AP-1 family members [280, 281]. The N-terminal
region of JDP2, however, does not contain the tran-
scriptional activation domains that are generally
shared among AP-1 family members [282]. JDP2
forms homodimers and/or heterodimers with AP-1
family members such as c-Jun, JunB, JunD, ATF-2,
and C/EBPy [277, 278, 283]. The JDP2-c-Jun and
JDP2-ATF-2 complexes have been analyzed in detail.
These complexes bind DNA and cause transcriptional
repression [277, 278]. The JDP2-ATF-2 complex
specifically interacts with the histone deacetylase
HDACS3 on a specific DNA element in the retinoic
acid-induced c-jun promoter. This complex replaces a
transcriptional activation complex composed of ATF-
2 and the histone acetyltransferase p300, and appears
to repress transcription [284].

In addition, JDP2 itself inhibits the HAT activity of
p300. The INHAT activity of JDP2 requires both the
histone binding and the DNA binding basic regions
[279]. Since this inhibition does not require DNA, the
DNA binding basic region of JDP2 may inhibit HAT
activity in a manner that does not involve DNA
binding. JDP2 also promotes transcriptional activa-
tion. JDP2 interacts with the DNA binding progester-
one receptor (PR) through their respective DNA
binding domains, and this complex activates PR-
induced gene expression by localizing on promoters
[282]. JDP2 stabilizes the N-terminal activation
domain of PR [285], which is not by itself stable but
which is required for activation [282]. JDP2 is also
involved in cell differentiation [284, 286, 287], tumori-
genesis [288, 289], and cell death [290, 291], similar to
other AP-1 family members. These biological proc-
esses may be mediated by JDP2 through an alteration
of chromatin structure.

JDP2 is a unique histone chaperone that also has
DNA binding activity. Further analysis may reveal
that other DNA binding factors have histone chaper-
one activities as well. In addition, some histone
chaperones and histone-associated factors may, in
the future, be shown to have DNA binding activities.
Isolation and characterization of these factors will
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provide new insights into histone-associated factors
and DNA binding factors.

Chaperone-like factors

Thus far, we have discussed ten types of histone
chaperones whose functions are well characterized. In
this section, we introduce other histone chaperones or
chaperone-like factors whose functions are relatively
uncharacterized.

Drosophila DF31 was isolated as a factor that
decondenses Xenopus laevis sperm chromatin [292].
DF31 is a small protein that is enriched in charged
amino acids [293], and it binds to each of the four core
histones with equal affinity [292]. Injection of anti-
sense oligonucleotides against DF31 mRNA into
embryos severely disrupts the nuclear structure [293].
The yeast Rtt106 gene was genetically isolated as a
suppressor mutant against the silencing defects con-
ferred by mutation of Pol30 (the yeast homologue of
PCNA) or Cacl (the yeast homologue of CAF-1 p150)
[294]. Rtt106 interacts with histones H3-H4 and has a
primary structure similar to that of human SSRP1,
which is a subunit of the FACT (facilitates chromatin
transcription) chromatin transcription elongation
complex (see below). Rtt106 also interacts with Cacl
and Sir4. rtt106 cacl double mutant shows hetero-
chromatin silencing defect, suggesting that Rtt106
cooperates with CAF-1 in replication-dependent
nucleosome assembly [294, 295].

There are other histone chaperone-like factors that do
not strictly adhere to the two criteria we used to define
histone chaperones. FACT [296] and nucleolin [265]
represent histone binding proteins as defined by
criterion (i). However, the histone deposition assay
that has been used to judge the nucleosome assembly
activities of these two proteins differs from the
method that is proposed in the present manuscript
[criterion (ii)]. In that assay, DNA is incubated with
core histones in the presence or absence of the
candidate histone chaperone, and differences in the
speed of DNA migration are measured in an electro-
phoretic mobility shift assay. This assay shows their
histone deposition activities onto DNA. These results
cannot answer whether or not they assemble nucleo-
somes.

The FACT subunit Spt16/Cdc68 was initially identi-
fied as a transcription- and cell division cycle-related
factor in a yeast genetic screen [297-300]. Two DNA
polymerase a-interacting factors, Spt16/Cdc68 and a
novel protein Pob3, were isolated by affinity chroma-
tography [301]. Pob3 bound to Spt16/Cdc68 and
possessed sequence similarity to a mouse HMG-like
factor [301]. These results suggested that Spt16 and
Pob3 are involved in the regulation of chromatin
structure. The FACT complex, which is composed of
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the HMG-box-containing protein SSRP1 and p140/
hSpt16 [302], was isolated from HeLa nuclear extracts
on the basis of its ability to facilitate RNA polymerase
translocation along a nucleosomal template [303].
FACT was also isolated from Xenopus eggs as a DNA
unwinding factor (DUF) that unwinds closed-circular
duplex DNA in the presence of topoisomerase I, but
does not possess a DNA gyrase activity [304].
Components of the FACT complex are highly con-
served in all eukaryotes [305]. S. cerevisiae FACT
(YFACT) is composed of three proteins: Spt16/Cdc68
(120 kDa), Pob3 (63 kDa), and Nhp6 (11 kDa). Pob3,
the yeast homologue of SSRP1, lacks an HMG
domain. This domain is presented to the complex by
the small HMG-box proteins Nhp6a and Nhp6b [306,
307]. The association of the Spt16-Pob3 complex with
chromatin depends on Nhp6 [307], and multiple Nhp6
molecules are required for yFACT recruitment to
chromatin [308].

The pleiotropic functions of FACT are indicated by its
involvement in transcription initiation, transcription
elongation, DNA replication, and even DNA repair.
For transcription initiation, FACT functions in estab-
lishing transcription initiation complexes. FACT in-
teracts with the general transcription initiation factor
TFIIE in an evolutionarily conserved manner [309].
yFACT stimulates TBP and TFIIA binding to a
nucleosomal TATA site [310]. Drosophila FACT
interacts with the GAGA factor to stimulate chroma-
tin remodeling at the promotor [311] and to modulate
chromatin structure to maintain gene expression
[312]. FACT promotes transcription elongation by
RNA polymerase II on chromatin templates in vitro
[303] and associates with RNA polymerase II com-
plexes throughout transcribed regions [93, 313, 314].
Histone H2B monoubiquitination functions coopera-
tively with FACT to regulate transcription elongation
[315]. FACT binds directly to factors important for
DNA replication, such as DNA polymerase o/pri-
mase [301] and the replicative helicase MCM [316].
Since FACT promotes the DNA unwinding activity
of the MCM helicase on nucleosomal templates, the
FACT-MCM interaction appears to be important for
proper initiation of DNA replication [316]. For DNA
repair, in response to UV-mediated DNA damage,
FACT forms a complex with casein kinase II and
phosphorylates S392 of p53 to activate DNA repair
[317, 318]. This broad range of FACT functions may
be needed to overcome the inhibitory effect of
nucleosomes at many steps during chromatin-based
processes. Several observations suggested that FACT
may act as a histone chaperone-like factor to
promote H2A-H2B dimer dissociation and allow
RNA polymerase and DNA polymerase transloca-
tion through nucleosomes [302]. Nucleolin has been
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suggested to work in a manner similar to FACT in the
nucleolus [265].

Chz1 (chaperone for H2AZ-H2B 1) fulfills criterion
(i) for a histone chaperone by its histone H2AZ-H2B
binding activity [269], but its nucleosome assembly
activity remains to be demonstrated. Chzl may be
implicated in the histone H2ZAZ exchange reaction as
the factor that transfers the histone H2ZAZ-H2B dimer
to the SWR1 complex [269].

Histone chaperone-like activity has been proposed for
the nucleosome remodeling complexes ACF [319],
RSF [320], and the ATPase MCM2 [321], based on
histone binding and nucleosome assembly assays in
reaction buffers containing ATP. ACF and RSF are
thought to function in nucleosome assembly and
nucleosome spacing in parallel. MCM?2 is thought to
be involved in replication-dependent nucleosome
assembly. However, the role of ATP in the nucleo-
some assembly activities of these complexes remains
to be elucidated.

It is of note that there is no consensus for defining
histone chaperone activity. Due to this lack of
agreement, new “histone chaperones”, which have
been classified as such using many different criteria,
have been isolated. To gain a general agreement
about the mechanistic action of histone chaperones,
it will be necessary to dissect nucleosome assembly/
disassembly reactions into elementary reaction
steps and to identify the factors mediating each
reaction step, as well as positive and/or negative
regulators. This information would lead to a clearer
definition of histone chaperones. We have begun to
analyze the molecular mechanisms of nucleosome
assembly/disassembly activities facilitated by his-
tone chaperones. We now need to elucidate the
structural and functional relationships between a
variety of histone chaperones and other histone-
associated enzymes/factors, and to determine the
elementary reactions required for nucleosome as-
sembly/disassembly to gain a broad but detailed
perspective of the structural and functional roles of
histone chaperones.

Mechanisms

The preceding sections summarized the structural and
functional roles of histone chaperones. Here, we
provide an overview of the mechanisms of nucleo-
some assembly and disassembly mediated by histone
chaperones and forecast the directions of future
research.

Analyses of nucleoplasmin, N1/N2, and CAF-1 show
that the nucleosome assembly reaction proceeds in
two distinct steps [40, 177]. One histone (H3-H4),

Mechanisms of nucleosome assembly/disassembly

tetramer or two histone H3-H4 dimers are first
deposited onto DNA, and two histone H2A-H2B
dimers then bind to each side of the histone (H3-H4),
tetramer. Functional analyses of the histone H3.1 and
histone H3.3 complexes [19] and structural analyses of
the CIA-H3-H4 [223,224] and CIA-HIRA complexes
[171] show that the CIA-H3-H4 heterotrimer, togeth-
er with other histone chaperones, comprises a key part
of the predeposition complex. To form the histone
(H3-H4), tetramer from this complex, CIA must
dissociate from the histone H3-H4 dimer. Factors such
as CAF-1 and HIRA, which assemble nucleosomes
synergistically with CIA [19, 173, 184, 185, 203], may
bind to the CIA-H3-H4 trimer, remove CIA, and
stimulate the formation of the histone (H3-H4),
tetramer complexed with the DNA. Moreover, other
factors, such as FACT, NAP1, and nucleoplasmin, all
of which preferentially bind to the histone H2A-H2B
dimer, may supply two histone H2A-H2B dimers to
each histone (H3-H4), tetramer to form a new
nucleosome.

The nucleosome disassembly reaction also proceeds in
two steps, in the reverse of the nucleosome assembly
reactions [322]. First, two histone H2A-H2B dimers
are removed from nucleosomes by factors such as
FACT, NAP1, and nucleoplasmin. CIA then disrupts
the histone (H3-H4), tetramer into two histone H3-
H4 dimers. NAP1 induces H2A-H2B dimer dissocia-
tion from the nucleosome core particle (NCP). The
dissociation of the histone H2A-H2B dimer seems to
facilitate sub-nucleosome sliding [111]. This dissoci-
ation activity requires the C-terminal highly acidic
region of NAP1, suggesting that this region transiently
binds to histone H2A-H2B dimers rather than to
nucleosomal DNA, and contributes to the dissociation
of histone H2A-H2B dimers from the nucleosome.
The C-terminal region of TAF-If is required for
binding the histone H2A-H2B dimer [134], suggesting
that TAF-If also displaces histone H2A-H2B dimers
from the nucleosome in an NAP1-like manner. CIA
binds to the C-terminal region of histone H4, which
interacts with histone H2A in the nucleosome, and
changes its conformation, causing disruption of the
histone (H3-H4), tetramer (Fig. 2a) [224]. The mech-
anism by which a large effect (tetramer disruption)
originates from a small interaction (formation of a f3-
sheet) is similar to the essence of Japanese Judo
(Yawara), “softness tames toughness”, so we named
this mechanism the “Yawara split” model in the spirit
of Judo [224]. Other groups have analyzed the
structure of the CIA-H3-H4 complex by coexpressing
CIA/ASF1 and histones H3 and H4, and have
hypothesized a mechanism for CIA-mediated nucle-
osome disassembly called the “strand capture split”
model [223].
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These lines of evidence clearly indicate that nucleo-
some assembly and disassembly reactions proceed
through at least two major steps and that different
histone chaperones function in each step. Therefore, it
isimportant to determine in more detail which histone
chaperones act at each step and how they function.
Furthermore, it will be essential to isolate novel types
of histone chaperones, to identify interaction surfaces
between nucleosomes and histone chaperones, and to
develop assays to analyze elementary reactions.

Do histone chaperones function only to promote
nucleosome assembly and disassembly? Because
histone chaperones bind to histones, we must consider
the functional roles of histone chaperones throughout
the histone life span, from synthesis to degradation.
Large amounts of histone proteins are transported
into the nucleus after protein synthesis. CIA is present
in both the nucleus and cytoplasm, whereas CAF-1
and HIRA reside primarily in the nucleus [252],
suggesting that CIA-H3-H4 complexes formed in the
cytoplasm migrate into the nucleus and form the CIA-
H3.1-H4-CAF-1 complex or the CIA-H3.3-H4-HIRA
complex. Additionally, large amounts of nucleoplas-
min are present in complexes with histones H2A and
H2B in Xenopus eggs. Nucleoplasmin has an NLS,
suggesting that it may transport the histone H2A-H2B
dimer into the nucleus. NAP1 and TAF-If also contain
an NLS,; so these proteins may also transport histones
into the nucleus.

After nuclear entry, histones are deposited onto DNA,
and nucleosomes and chromatin are formed with
other histone- and/or DNA-associated factors. There
are two types of deposition reactions. One is impli-
cated in nucleosome replication, which occurs con-
comitantly with the progression of the DNA replica-
tion fork throughout the genome. The other is
implicated in the exchange of histone variants during
transcription and DNA repair in transcriptionally
active loci and DNA-damaged loci, respectively. In
nucleosome replication, examination of DNA repli-
cation-dependent nucleosome assembly [19, 184, 185]
has indicated that CIA and CAF-1 coordinately
deposit histones H3.1 and H4 onto replicated DNA.
Subsequently, FACT may deliver the histone H2A-
H2B dimer to the histone (H3.1-H4), tetramer on a
daughter DNA strand. In contrast, the exchange of
histone H3.3 in transcriptionally active regions is
probably mediated by CIA and HIRA, because they
coordinately facilitate DNA replication-independent
nucleosome assembly [19, 203]. In the case of the
histone H2A variant H2AZ, the SWR1 chromatin
remodeling complex catalyzes the replacement of
conventional histone H2A with H2AZ in chromatin
[20]. Because both NAP1 and Chzl form a stable
trimer with the histone H2AZ-H2B dimer as its major
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associating factor, they may transfer the histone
H2AZ-H2B dimer to the SWR1 complex. In addition,
the histone chaperones Fpr3 and Fpr4 also interact
with H2AZ when Nap1 and Chz1 are absent, suggest-
ing that they may also be involved in the exchange
reaction [269].

Finally, the histone is terminated by degradation.
Histones may function as radical scavengers and
shield DNA from attack by reactive oxygen species
[323]. Carbonylated histones, which have sustained
damage, and surplus free histones remaining after
exchange reactions involving histone variants, may be
appropriately stored or degraded to prevent aggrega-
tion with histones and/or DNA. The histone degrada-
tion pathway remains relatively unknown, although
polyubiquitinated histone H3 is known to be degraded
by the 26S proteasome [324]. As some histone
chaperones may interact with degradation factors,
their functional roles in regulating histone degrada-
tion will become an important area of research
because of the abundance and heterogeneity of
histones.

As discussed thus far, there are several aspects of both
the intracellular metabolism of histones and the
elementary reactions of nucleosome assembly and
disassembly processes. The need for many types of
histone chaperones is underscored by the diversity of
histone modifications and histone variants, the tem-
poral-spatial regulation of the formation of chromo-
somal structural and functional region, and the stage/
tissue-specific regulation of gene expression. There is
now an urgent need to elucidate the unity and
diversity among nucleosome assembly and disassem-
bly reactions that occur during distinct DNA-medi-
ated reactions, such as transcription, DNA replication,
repair, and recombination, by understanding the
diversity of mechanisms underlying the actions of
the various histone chaperones.

Conclusions and perspectives

Independent studies characterizing the histone chap-
erones discussed here have provided the basis for our
current understanding of histone chaperones. Each
histone chaperone has a specific histone binding
preference, and some histone chaperones preferen-
tially bind to a histone variant. These preferences have
provided insights into the mechanisms of nucleosome
assembly and disassembly reactions, in which multiple
histone chaperones act in a stepwise and synergistic
manner. These observations suggest that each histone
chaperone plays a unique role in these reactions.

The recent discovery of the histone (H3-H4), tetram-
er-disrupting activity of CIA [224] and the elucidation
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of the tertiary structure of the CIA-H3-H4 complex
[223, 224] are breakthroughs that will influence the
future direction of histone chaperone research. Based
on the biochemical and structural results discussed in
this review, we offer the following major predictions.
(i) Based on the finding that CIA disrupts the
interaction between two histone H3-H4 dimers in a
histone (H3-H4), tetramer, we predict the isolation of
the factor that disrupts the interaction between the
histone (H3-H4), tetramer and the histone H2A-H2B
dimer in NCP. This factor should interact with the
histone-(H3-H4),-tetramer’s surface, which interacts
with the histone H2A-H2B dimer. Analysis of the
mechanism by which this factor disrupts (H3-H4),-
H2A-H2B interactions would reveal further details of
the mechanisms of nucleosome assembly and disas-
sembly (Fig. 2a).

(ii) The functional link between signal transduction in
the nucleus and the alteration of nucleosome structure
will be clarified, as suggested by the interaction
between CIA and the acetylated histone recognition
domain, bromodomain (BrD) [226]. The structural
and biochemical bases for the interactions between
histone chaperones and histone-modification-recog-
nizing domains will be determined. These interactions
should provide insights into the relationship between
the recognition of epigenetic modifications on histo-
nes and the alteration of nucleosome structure
(Fig. 2b).

(iii) The mechanism underlying semi-conservative or
conservative nucleosome replication [224] acting in
concert with semi-conservative DNA replication [325,
326] will be revealed (Fig. 2c). Many histone chaper-
ones have been shown to be factors that work
cooperatively in DNA replication. We predict that
nucleosomes on the parental DNA duplex will be
disrupted and distributed to daughter DNA strands
with the progression of the DNA replication fork.
Histone chaperones that have nucleosome disrupting
and assembling activities will work in this process.
(iv) The mechanism underlying the transfer of epi-
genetic modifications from parental to daughter cells
will be elucidated. The mechanism that enables
switching between semi-conservative and conserva-
tive nucleosome replication modes will be deter-
mined. The two replication modes may be switched by
regulating the histone (H3-H4), tetramer-disrupting
activity of CIA at various genomic loci, depending on
the physiological conditions of the cell (Fig. 2d).

(v) The mechanism underlying the exchange of
histone variants during transcription and DNA repair
will be identified. The mechanism that regulates the
spatial and temporal patterns of histone variant
exchange could be revealed by analyzing the inter-
action network between specific DNA binding factors
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and histone chaperones such as HIRA, CAF-1, and
NAP1, which recognize specific histone variants
(Fig. 2e).

(vi) Novel histone-related activities of histone chap-
erones will be revealed. Histone chaperones have not
only nucleosome assembly/disassembly activities but
also diverse histone-related activities such as histone
shuttling, histone storage, histone variant exchange,
histone modification regulation, linker histone depo-
sition, nucleosome sliding, and so on. This functional
diversity may have been acquired in the course of
evolution because histone chaperones travel closely
with histones. We predict that a number of histone-
related activities of histone chaperones will be accu-
mulated in the future.

It is important to analyze the activity and molecular
mechanisms of histone chaperones by considering
their functional significance as described above. The
mechanism of action of the histone chaperone, in
particular, should be analyzed in the context of a
signaling network. Since nucleosome assembly and
disassembly are among the most downstream effects
of a signal transduction, the mechanism of signal
processing and integration at the level of the histone
chaperone will be a critical issue to address. Another
critical issue will be the robustness of the signal
processing/integration system in the cell. The func-
tional and physical interaction network between
histone chaperones and other chromatin factors
[327], such as chemical modification enzymes target-
ing histones, ATP-dependent nucleosome remodeling
factors, and sequence-specific DNA binding factors,
will reveal the mechanisms of signal processing and
gene regulation from the genetic and epigenetic
viewpoints.

In this review, we have predicted the future research of
histone chaperones based on the biochemical and
structural studies undertaken thus far. It is notable
that, as described above, the histone chaperones have
been characterized by biochemical means, particular-
ly through the supercoiling and MNase assays. What is
the relationship between the activity of the super-
coiling and MNase assays and in vivo physiological
activities? Recent research suggests that the in vitro
activity of the particular histone chaperone is not
always observed under physiological conditions [258].
It is conceivable that the histone chaperone is not
directly involved in nucleosome assembly/disassem-
bly in vivo, but is involved in other specific function(s)
with its histone binding activity. The elucidation and
understanding of this possible discrepancy between in
vitro and in vivo activities of histone chaperones is the
next critical step in the study of histone chaperones. To
elucidate the relationship between the two, a trans-
disciplinary approach is essential. First, three-dimen-
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sional structural information on the histone chaper-
one would be valuable for addressing this issue.
Second, the establishment of a new assay system for
analysis of the elementary reaction steps is necessary
to elucidate their molecular mechanisms. Third, the
development of new methods and ideas for in vivo
functional analysis using current genetics is awaited
for the verification of in vitro histone chaperone
activity. They must play roles in connecting the in vitro
and in vivo activities of histone chaperones to
compensate for their weak points. This will promote
understanding of their respective roles in the nucle-
osome dynamics in cells.
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